Diffusion Weighted Magnetic Resonance Imaging (DW-MRI) has become an established part of neuroimaging and is used to diagnose and characterize several neurologic disorders. Intracerebral Haemorrhage (ICH) is a severe medical condition, which may develop quickly into a life-threatening situation, and thereby requires prompt medical attention. Early and reliable identification of the age of haemorrhage is essential when choosing the correct treatment, and estimating patient's diagnosis and outcome. Diffusion Weighted (DW) images presents a variation in the image signal intensity characteristics relative to the different stages of ICH. In the present paper, an effort is made to document the variation in the image signal intensity characteristics of ICH at evolving stages, for 30 subjects, using High Frequency Power (HFP) parameter. Results showed that the difference in the HFP values on DW images for the subjects with ICH compared to their contralateral normal hemisphere, were highly significant (p < 0. 
INTRODUCTION
Intracerebral Haemorrhage (ICH) is a potentially lifethreatening medical emergency of the highest degree, which often causes early neurological deterioration. ICH is responsible for up to 15% of all strokes and is associated with a high rate of mortality [1] . Patients with ICH face an increased risk of death and long term functional disability, compared to other forms of stroke, even for lesions of similar size or location [2] . This results in huge demand on health care resources and has thereby driven research and investigations in this area. Diagnosis of ICH involves neuroimaging options, and Computed Tomography (CT) has traditionally been used in radiologic workup of ICH. However, numerous studies have demonstrated that Magnetic Resonance Imaging (MRI) is more efficient in detecting ICH and in localizing ICH [3] [4] [5] . The development of ICH on conventional MRI is well described and documented in literature [6] [7] [8] [9] [10] . Studies indicate that the appearance of ICH on MRI primarily depends on the stage of haemorrhage and on the imaging sequence or parameters. Investigators have reported high diagnostic accuracy of MRI for ICH within a time window of 2.5 to 5 hours after symptom onset [11] . In spite of the frequent use of conventional MRI to assess the appearance of ICH over the past few years, Diffusion Weighted Magnetic Resonance Imaging (DW-MRI) has only recently been accepted as a valuable investigative resource. DW-MRI has changed the overall importance of imaging in the clinical setting by providing unique information on the viability of brain tissue and consequently on patient management. This sequence produces MRI based quantitative maps of microscopic, natural displacements of water molecules that occur in brain tissues as part of the physical diffusion process [12, 13] . Water molecules are used as probes that reveal microscopic details about the architecture of both healthy and unhealthy brain tissues [14] . The generalized model for the appearance of ICH on Magnetic Resonance (MR) images attributes the various signal intensity patterns of evolving ICH, to the oxygenation state of hemoglobin and the integrity of the red blood cells [6, 15] . Correspondingly the signal intensity characteristics on DW images of the brain undergo a series of variations after the onset of ICH, that can be instructive in identifying the stage of ICH.
Several studies have been carried out to characterize haemorrhage on the basis of DW-MRI findings, and they qualitatively indicate that hematomas are initially hyper-intense on Diffusion Weighted (DW) images and later hypo-intense during the first few days after onset [15] [16] [17] [18] . Other investigators have recognized that hematoma signal intensity on DW images varies with time [19] , but have not thoroughly quantified these signal intensity changes. Furthermore there are reports that describe the temporal evolution of Apparent Diffusion Coefficient (ADC) values within lesions following ICH, to identify their usefulness in clinical diagnosis of ICH and treatment [15, [19] [20] [21] [22] .
For subjects with ICH, early and reliable estimation of ICH stage is of importance, since it shows the exact state of brain injury and the state of inflammation. This information further affects the rest of the therapy. It is generally observed that the radiologists in a variety of clinical settings depend on the signal intensity variations on DW images to quickly assess subjects with ICH [15, 18, 19, 23] , wherein, the hematoma signal intensity is visually graded as hyper-, iso-, or hypo-intense, relative to the normal contralateral hemisphere. Such a procedure requires high level of expertise in this field considering the complex parameters that affect the appearance of ICH on DW images. Thereby such estimation by observation method is to some extent sensitive to experience and may be subjected to misunderstanding of the actual stage of ICH. Thus, if the progression of the image signal intensity on DW images following ICH can be automatically quantified and assessed, this information would surely aid the radiologists in early and accurate diagnosis of the stage of ICH. This would result in subjects receiving prompt treatment, thereby protecting them from any further damage to the brain tissue.
The purpose of the present work is to measure the clinical utility of DW-MRI in the diagnosis and treatment of subjects with ICH, with the hope to improve patient outcome. In this direction we have analyzed the evolution of image signal intensity on DW images of the human brain in the axial plane, to identify the different levels of changes taking place in the subjects with ICH. Mainly an effort is made to grade the image signal intensity variations on DW images, using High Frequency Power (HFP) values, for subjects with ICH, compared to their corresponding HFP values obtained from the contralateral normal hemisphere. The ADC methods reported in literature to study the signal characteristics of ICH on DW images, at evolving stages, rely on a single axial section (showing ICH) to carry out observations. Also the calculation of ADC values considers only a small region within the area of haemorrhage. This would need a thorough understanding of the entire haemorrhagic area for accurate analysis, as the ADC values vary within the area of haemorrhage [18] . In contrast, the present work takes into account all the axial sections that show ICH on DW images, and further considers the entire area of the haemorrhage on each axial section, to evaluate the image signal intensity HFP values.
Therefore the present method simplifies the estimation process and assures that there is no loss of information, as it covers larger area of the brain. Also expertise is not essential as the entire area of the haemorrhage is taken into account for investigation. Overall, the main advantage of the proposed method is that the quantitative changes in the image signal intensity HFP values obtained from DW images can be assessed, and can most likely aid in identifying the stages of ICH, as accurate identification of ICH stage is a critical step in planning the appropriate therapy.
MATERIALS AND METHODS
Studies carried out in the past suggest that diffusion is restricted in the area of haemorrhage before and after cell lysis, resulting in bright signal intensity on DW images [15, 19] . Further, studies show that the appearance of signal intensities on DW images transforms from being hyper-intense to hypo-intense as the haemorrhage evolves with time, from one stage to another [15, 18, 19] . Therefore it is very essential in understanding the characteristic features of the signal intensity variations on DW images post haemorrhage, as it can be supportive in both characterization and differentiation of the various stages of ICH. Accordingly, detection of the areas of brain with high signal intensity variations on DW images, subsequent to ICH, may allow for the evaluation of the affected area. Further, quantification of the observed signal intensity may prove to be useful in the early diagnosis, characterization and proper planning of the clinical treatment for ICH.
Clinical Data and MR Imaging
The retrospective study of MR examinations in the present work was performed on 30 patients (22 male, 08 female, ages ranging from 28 years to 85 years with an average age of 55 years) with ICH unrelated to infarction. The appearance of ICH for all the 30 subjects was confirmed by ruling out the possibility of bright signal on DW images that is not due to restricted diffusion, but rather due to high T2 signal which "shines through" to the DW image, referred to as T2 shine through. This was done by verifying the appearance of hyper-intensities on DW images and concomitant reduced ADCs relative to the contralateral normal brain in their initial MRI studies. Further all the subjects showed magnetic susceptibility artifact on gradient echo sequence, confirming it is haemorrhage. The ethics approval was obtained from the committee of clinical research at the RAGAVS Diagnostic and Research center, Bangalore, India, and Vikram Hospital, Bangalore, India.
The evolution of ICH can be described by five distinct stages, namely Hyperacute (<1 day), Acute (1 -3 days), Early subacute (3 -7 days), Late subacute (7 -14 days) and Chronic (>14 days) [6, 9] . However Acute and Early subacute stages of ICH display similar appearance on DW images [19, 24] . For this reason, in the present work we have grouped the Acute and Early subacute stages of ICH collectively to form Stage 2, that is, the Acute stage (1 -7 days). MR studies undertaken at various intervals after the onset of symptoms, defined four stages of ICH according to the duration of the interval between the onset and initial MR examination. The four stages were: Stage 1: Hyperacute (five subjects within 24 hours of symptom onset); Stage 2: Acute (six subjects between days 1 and 7); Stage 3: Late subacute (twelve subjects between days 7 and 14) and Stage 4: Chronic (seven subjects after 14 days).
OPEN ACCESS
All the subjects underwent clinical MR imaging with 1.5 T symphony maestro class MR scanning system from Siemens. DW imaging was performed by using a multisection, single-shot, spin-echo, echo-planar pulse sequence with following parameters: Repetition Time 
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D W-MRI technique makes it to visualize the altered rates of water diffusion, by producing a bright imaging appearance in the area of ICH when compared to the normal tissues, at different stages of ICH. Consequently on examining the spatial intensity variation distribution on DW images for the subjects with ICH, it is observed that the image signal intensity is not uniformly distributed over the entire DW image, and marks sudden changes in the area of haemorrhage, when compared to the other normal areas of the brain. The spatial intensity characteristics of an image can be related to the frequency components of the Fourier transform, since frequency is directly related to rate of change of intensity variations in an image. Low frequencies correspond to slowly varying components and high frequencies correspond to faster varying components, such as abrupt change in the image intensity levels [25] . Exploring the power spectrum of the DW intensity image for the subject with ICH would thereby result in a higher value for the higher spatial frequency power component, out of the total power spectrum, in the area of haemorrhage, when compared to the higher spatial frequency power component on the contralateral normal (healthy) hemisphere (mirror image) of the same subject [25] . In the present work an attempt is made to analyze DW images for the subjects with ICH in the frequency domain, using image signal intensity HFP parameter. HFP component in the total power spectrum in the area of haemorrhage is compared to the corresponding HFP component obtained from the contralateral normal hemisphere. The relative image signal intensity HFP (RHFP) values are quantified across different subjects diagnosed with ICH, using Eq.1 (see below).
The RHFP values so obtained are employed in differentiating the haemorrhage tissues from healthy tissues, and further used in the categorization of the different stages of ICH. The obtained RHFP values could possibly aid neuro-surgeons for immediate diagnosis and execution of treatment, by providing information about the stage of ICH.
Image Analysis
DW images obtained in DICOM format are converted to bmp format with intensities scaled to fit the conventional range of (0 -255). This is done to reduce the complexity in the image manipulation algorithms, and to achieve speed up in processing the images. DW image obtained from each subject in the axial plane is divided into six anatomically significant areas as shown in Figure 1 .
For each subject with ICH, we obtain a set of DW images in the axial plane taken at different axial sections (from 1 to 19). The subject with ICH presents abrupt changes in the image signal intensity in one (or more) of the six areas, in the affected axial sections. The axial sections that indicate such abrupt changes in the image signal intensities are selected for image analysis. For each axial section selected from the ICH subject, the following procedure is employed to obtain a decisive image signal intensity HFP value for that subject. Firstly a Region of Interest (ROI), I(x, y), is manually placed in the particular area of DW image, covering the high intensity region showing ICH, for that axial section. An equivalent (mirror) ROI of the same size is manually selected on the contralateral normal hemisphere of the same subject for comparison [26] . The ROIs on each side are further divided automatically (using Adobe Photoshop CS3) into smaller sub-regions, f(x, y), corresponding to an image size represented by (M × N) pixels. The typical values for M and N selected for image analysis range in between 15 to 18 pixels. Additional care is taken while choosing the sub-regions to avoid any errors that may be caused due to edge effects (change in intensity along the periphery of ICH). The ROI and the corresponding sub-regions on the ICH side and on the contralateral normal hemisphere for a subject with ICH (area 1, axial section 16) are shown in Figure 2(a) . The image intensity distribution for a particular sub-region on the ICH side and the corresponding sub-region on the contralateral normal hemisphere is shown in Figures 2(b) and (c) respectively. The Fourier spectrum, F(u, v), of an image, f(x, y), corresponding to a sub-region of the ROI is evaluated. The spatial frequencies and their distribution for these sub-regions are analysed by performing the two-dimensional Discrete Fourier Transform (DFT) using MATLAB version 7.7.
The spatial frequencies (u and v) are denoted by cycles per pixel, since the image size (distance) for the analysis is given in terms of pixels. Using the periodicity property of DFT [25] , the Fourier spectrum is shifted to the center of the frequency plane. The DC component, F(0, 0), is deleted, since it gives only the average value of the image intensity. The power spectrum is obtained by squar- ing the magnitudes of the Fourier spectrum image signal intensity variations [25, 27] of DW image and the Total Power (TP), in the image is obtained using Eq.2.
Since for the sub-regions of the brain, the values of M and N are different (depend on the size of the particular sub-region), the cut-off frequency, D 0 (in cycles per pixel), which separates the lower and higher spatial frequency components (as shown in Figure 3) , is defined by Eq.3.
where D(u, v) is the distance from the point (u, v) to the origin of the frequency plane, defined by Eq.4.
The value of the cut-off frequency, D 0 , has been decided as per the publications of other investigators [27, 28] . The Low Frequency Power (LFP) and HFP are calculated using Eqs.5 and 6 respectively.
For each sub-region on the ICH side and the corresponding sub-region on the contralateral normal side, the magnitude and the location of the image signal intensity HFP value is evaluated. Subsequently, the value of the maximum image signal intensity HFP over the entire ROI, for that axial section, on the ICH side is obtained. The corresponding image signal intensity HFP value from the contralateral normal hemisphere is noted for comparison. The magnitude of the maximum image signal intensity HFP value so obtained indicates whether there is any sudden change in the signal intensity level, in any of the sub-regions of the ROI for that axial section, for the ICH subject. Further if there is any such change observed, we can readily establish the sub-region, and also the exact location ((x, y) coordinates) within that sub-region.
The process is repeated for all the axial sections selected for image analysis from the ICH subject. After obtaining the maximum image signal intensity HFP values for all the axial sections, the value of overall maximum HFP across all the selected axial sections, is chosen as the decisive image signal intensity HFP value for that ICH subject. The equivalent image signal intensity HFP value from the contralateral normal hemisphere is noted for comparison. The procedure is repeated for all the subjects with ICH considered under study, and finally the image signal intensity RHFP values are evaluated.
Statistical analysis was carried out using excel program and SPSS 17.0 software package. The results were tested for statistical significant difference between the HFP values obtained for the subjects with ICH and their contralateral normal hemisphere. Similarly the statistical significant difference between the RHFP values obtained for the subjects with ICH across the four different stages was tested. The analysis was carried out at 99% confidence level (p < 0.01) with z test, using the significant difference of means method [29] . The correlation between the RHFP values and the different stages of ICH was evaluated.
RESULTS AND DISCUSSIONS
DW image of a subject showing ICH in area 3 and at axial section 14 is shown in Figure 4 . The plot of the spatial variation of intensity distribution for a sub-region of the ROI (area 3, axial section 14) resulting in maximum HFP value, for the subject indicated in Figure 4 , is shown in Figure 5 . The corresponding power spectrum is shown in Figure 6 . It is observed from Figure 5 that the spatial intensity variation distribution for the subject with ICH has abrupt jumps, and this leads to higher value of the higher spatial frequency component out of the total power spectrum. Similarly Figures 7 and 8 , respectively, show the plots of the spatial variation of intensity distribution and the power spectrum for the corresponding sub-region on the contralateral normal hemisphere for the same subject. The spatial intensity variation distribution is almost uniform in the contralateral normal hemisphere as shown in Figure 7 , and this leads to a considerable smaller value of the higher spatial frequency Figure 8 . The maximum HFP value evaluated from the subject with ICH indicates the maximum change in the image intensity variation across the selected ROI at axial section 14, and also indicates its exact location, (5, 16) , in the (x, y) co-ordinates ( Figure 5) .
The semilog plot of the variation in the maximum image signal intensity HFP values (decisive HFP values) and the corresponding image signal intensity HFP values on the contralateral normal hemisphere, for all the 30 subjects considered in the present study is shown in Figure 9 . The difference in the maximum image signal intensity HFP values for the subjects with ICH compared to their contralateral normal hemispheres, were highly significant (p < 0.01) in the areas of the brain, where there was a high incidence of haemorrhage. Results suggest that the maximum image signal intensity HFP values obtained from DW images, for the subjects with ICH can be used to clearly differentiate the ICH subjects from the normal subjects. of Table 1 ) is as plotted in Figure 10 .
It is observed that the RHFP values are notably high for on DW image is considered for analysis, we include all the affected axial sections to arrive at the decisive value for RHFP. Additionally we include the entire affected area on each axial section selected for the analysis in contrast to the ADC methods, wherein, evaluations are done by considering a small region within the affected area.
The plot of the variation in the RHFP values with the stage of ICH for all the 30 subjects considered in our study is shown in Figure 11 . The line given by the equation y = −2.55*x + 1254.02, represents the linear regression that fit the data. A negative correlation of the order of r = −0.81 was found between the RHFP values and the different stages of ICH, which is an indicator that early stages of ICH gives rise to higher values of RHFP. The progress in the RHFP values for the different stages of ICH is indicative that it can be helpful in the characterization of ICH and can positively be instructive in differentiating the various stages of ICH.
CONCLUSION
Analysis of the results indicate that the image signal intensity changes on DW images for the subjects with ICH can be employed to markedly distinguish them quantitatively from the normal subjects. The relative increase in the image signal intensity HFP values on DW images for the subjects with ICH compared to their contralateral normal hemisphere were in the range of (31.0 -2477.32). The quantitative changes in the values of the image signal intensity HFP parameter can be assessed and probably used to identify the different stages of ICH, so that early changes taking place in the brain can be detected. This can positively assist neurosurgeons in determining the severity of the brain hae-
The results obtained in our study agree with the findings of the previously published work on the signal intensity variations of the haemorrhage on DW images [6, 9, 18, 19] . Investigators in the past have also reported the evolution of haemorrhage using the ADC values [15, 16] . However in contrast to the work carried out in the past, wherein only a particular affected axial section morrhage, to consider early remedial methods and in predicting recovery.
